In this study we investigate the molecular mechanisms that are responsible for the restricted expression of Wnt-l during embryogenesis. We report that a single homeodomain binding site, HBSl , within the Wnt-l enhancer contributes to appropriate spatial expression of Wnt-1 in the developing nervous system. This HBSl site may be required for repressing Wnt-I expression in the developing forebrain since specific mutations of this site result in an extension of the rostra1 boundary of Wnt-l/lacZ staining in transgenic embryos. We further demonstrate that a subset of homeodomain proteins expressed in the forebrain (i.e., Dlx2, Emx2) interact specifically with HBS 1. These findings suggest that these (or related) homeodomain proteins may regulate expression of Wnt-I during normal brain development by interacting with the HBSl site in the Wnt-l enhancer.
Introduction
The Wnt genes encode cell signaling molecules that play crucial roles during development, particularly in the establishment of appropriate boundaries in the nervous system (Gavin et al., 1990; Parr et al., 1993; reviewed in McMahon, 1992; Nusse and Varmus, 1992) . In fact, expression of Wnt-I, the prototypic member of the Wnt gene family, is one of the earliest signals associated with CNS patterning. Wnt-1 expression begins as a small patch in the presumptive midbrain and extends caudally to a region spanning the dorsal midline of the CNS (Wilkinson et al., 1987; McMahon and Bradley, 1990; Thomas and Cappechi, 1990; McMahon et al., 1992; Parr et al., 1993) . Specifically, Wnt-I is required for the formation of the midbrain during embryonic development as revealed by targeted disruption studies (McMahon and Bradley, 1990 Thomas and Cappechi, 1990) . Wnt-I was originally identified as a proto-oncogene that was transactivated in mammary tumors (MMTV; Nusse and Varmus, 1982) , and it has subsequently been shown that aberrant expression results in morphological transformation and/or tumorigenesis (Tsukamoto et al., 1988; Parkin et al., 1993; Wong et al., 1994) . For instance, mis-expression of Wnt-I in the developing spinal cord disrupts normal morphology, and results in a pronounced, abnormal proliferation of cells in these regions (Dickinson et al., 1994) . Wnt-1 has also been shown to play a role in pattern formation since its mis-expression in developing limbs results in severe congenital skeletal malformations (Z5khny and Duboule, 1993) , and injection of its RNA results in duplication of embryonic axes in Xenopus (McMahon and Moon, 1989) . These studies accentuate the significance of tightly-regulated expression of Wnt-I during embryonic development, however, the molecular factors that regulate its expression have not been well defined.
Insight into the regulatory components that govern appropriate expression of Wnt-I during embryonic devel-88 N. ILer et al. I Mechanisms of' Development 53 (1995) [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] opment is provided by comparisons with its Drosophila counterpart, wingless (wg) . Genetic evidence indicates that expression of wg in the developing Drosophila embryo is modulated by various homeodomain-containing proteins, such as fushi tarazu (ftz), even skipped (eve), and gooseberry (gsb) (Ingham et al., 1988; Li and Noll, 1993) . Homeodomain proteins are themselves key developmental regulators that specify positional information presumably by regulating the expression of downstream target genes (for reviews see Manley and Levine, 1985; Gehring, 1987; Hayashi and Scott, 1990; Kessel and Gruss, 1990; McGinnis and Krumlauf, 1992) .
Given the observation that Drosophila wg acts downstream of homeodomain control, we sought to determine if its murine counterpart, Wnt-1, is a direct target for homeodomain proteins. In this report, we provide evidence supporting this notion and show that a single homeodomain binding site, HBSl, within the Wnt-1 enhancer contributes to the complex regulation that governs Wnt-1 expression in the anterior subdivisions of the developing CNS. We show that homeodomain proteins which are expressed in the forebrain, Dlx2 and Emx2, interact specificaily with HBSl and therefore are candidates for regulators of Wnt-I expression through this site. This study utilizes a straightforward and generalizable approach to investigate W&Z as a direct target of homeodomain control, and also provides insight into the regulation of Wnt-1 expression and the mechanisms that contribute to homeodomain target selectivity.
Results

The WIP element within the Wnt-1 enhancer contains two homeodomain binding sites, HBSI and HBS2
To evaluate whether homeodomain proteins may be directly involved in the regulation of Wnt-1 expression, our strategy was as follows: (i) to screen the Wnt-1 enhancer for high affinity homeodomain binding site(s); (ii) to determine whether selected site(s) were of biological relevance; and (iii) to identify potential homeodomain candidates responsible for Wnt-1 regulation. The Wnt-1 enhancer (Fig. lA, middle) contains the essential regulatory elements required to recapitulate appropriate spatial and temporal expression of Wnt-I (Echelard et al., 1994) . To identify homeodomain binding sites within this transcriptional control region, we used a modification of an immunoprecipitation strategy that facilitates isolation of protein-DNA complexes (McKay, 1981; Kinzler and Vogelstein, 1989) . Based on our previous study in which we showed that Msxl homeodomain specifically interacts with the Wnt-I enhancer by site-specific DNA affinity cleavage (Shang et al., 1994) The sequence of WIP contains two core sites (HBSl and HBS2, for homeodomain binding Site) flanked by other AJT rich sequences ( Fig.  1 A, bottom) . Of these, the context of HBSl is identical to the sequence we previously identified as a common consensus site for several homeodomain proteins, including Msxl (Catron et al., 1993) .
HBSI, a high affinity binding site, is requiredfor homeodomain interactions in vitro and in vivo
To examine the interaction of Msxl with each HBS, we performed in vitro DNA binding studies on the WIP element or on mutated versions of this element ( Fig. 2A) . DNaseI footprinting revealed that Msxl protected a region of the WIP element spanning HBSl and HBS2 ( Fig.  2B ; WZP). Msxl interacted with a similar region of a mutated WZP element that contained substitutions in HBS2 ( Fig. 2B ; WIP-mHBS2); but interacted poorly with a mutated element containing substitutions in HBSl (Fig 2B; WZP-mHBSl), and did not interact with an element containing substitutions in both HBS ( Fig. 2B ; WZPmHBS 1+2). Moreover, electrophoretic mobility shift analysis revealed that Msx 1 bound to a DNA site containing both HBS and also to a DNA site containing substitutions in HBS2, but did not bind to DNA sites containing substitutions within HBSl or HBS1+2 (Fig. 2C ). Therefore, Msxl interacts with both HBSl and HBS2; however HBS 1 provides the integral component for the occupation of both sites within the WIP element.
To determine if HBSl is sufficient for Msxl interaction with the WIP element in tissue culture cells we utilized an in vivo binding assay (Fig. 3) . Co-transfection studies were performed such that DNA binding was assayed indirectly as activation of a reporter gene by using a chimeric protein (HD-VP16) containing the Msxl homeodomain fused to a heterologous activation domain. A reporter construct containing the intact WZP element was activated 27-fold by HD-VP16 (Fig. 3) . A reporter construct containing the WIP element in the reverse orientation was activated to a lesser extent by HD-VP16, although within the standard error (Fig. 3) . Activation of reporter constructs containing mutations within HBSl or both HBS was completely abrogated to basal levels ( Fig.  3 ; compare pGL2 to pGL2 WZP-mHBS1 and pGL2 WIPmHBS1+2). Together with the in vitro binding data, these findings demonstrate that the Msxl homeodomain binds to specific sites within the WIP element, and that HBS 1 is required for these interactions in vitro and in vivo. An autoradiograph of the gel is shown and shifted complexes are indicated by wow.
Wnt-1 Genomic Locus
Mutations within HBSl result in ectopic expression of a Wnt-UlacZ transgene
To determine if HBSl is involved in regulation of
Wnt-Z in vivo, we utilized a transgenic mouse reporter assay (Fig. 4) . A 1acZ reporter construct, pWTZl.1, containing a 1.1 kb region of the Wnt-1 enhancer that retains the WZP element (Fig. 4A) , has identical activity to the 5.5 kb enhancer region previously described (Echelard et al., 1994 This construct also directs staining to the midbrain-hindbrain junction, ventral midbrain, and dorsal spinal cord, midbrain and diencephalon in transgenie embryos (Fig. 4B) . However, in contrast to the normal rostra1 boundary of Wnt-Z expression at the diencephalon-telencephalon junction (Wilkinson et al., 1987 ) the HBSl mutation extends this boundary such that ectopic staining is observed in the dorsal-medial telencephalon (compare Fig. 4C with 4D ). Ectopic staining in the forebrain, but not in other regions, was a consistent feature of nine separate founder transgenic embryos (Table  1 ). These data suggest that HBSl is involved in establishing the appropriate rostra1 boundary of Wnt-l expression and implicate forebrain-expressed homeodomain proteins in this process through their interactions with HBS 1.
Dlx and Emx homeodomains demonstrate a high ajfkity for the WIP element in vitro
Although some studies have reported msxl expression in the forebrain (Hill et al., 1989; Robert et al., 1989; Mackenzie, et al., 1991) , targeted disruption of msxl has no effect on development of anterior CNS subdivisions (Satokata and Maas, 1994) . Therefore, we conclude that Msxl is not the most likely candidate for regulation of Wnt-1 expression in the forebrain. Among the homeobox genes known to be expressed in restricted domains of the developing forebrain are members of the Dlx, Nkx, Emx and Otx families (Simeone et al., 1992; Bulfone et al., 1993b; Puelles and Rubenstein, 1993) . Of these, the reported expression patterns of Dlx2 and Emx2 (8.75 and 8.5 d.p.c., respectively) (Bulfone et al., 1993a; Simeone et al., 1992) coincide with the initial appearance of ectopic forebrain staining in the pWTZl.1 -mHBS 1 transgenic mice (D.H.Rowitch, Y. Echelard and A.P.McMahon, unpublished) . To test whether these proteins interact with the WIP element we performed DNAse I footprinting analysis using purified proteins corresponding to the homeodomain regions of Dlx2 and Emx2 (Fig. 5A ). These analyses revealed that Dlx2 and Emx2 protect a similar region of the WZP element as does Msxl, and in fact, appear to have a higher relative affinity for this element since additional A/T rich regions are protected (Fig. 5A ). In contrast, representative members of the Hox family which are not expressed in the forebrain (Krumlauf, 1993 ) exhibit a relatively low affinity for the WIP element (Fig. 5B) . In fact, these findings demonstrate a correlation between forebrain expression, sequence similarity, and relative binding affinity (summarized in Fig. 5C ). Specifically, homeodomain proteins that are present in the developing forebrain and, as such, are potential candidates for Wnt-1 regulation, are closely related and exhibit a relatively high affinity for the WZP element. In summary, Dlx2 and Emx2 interact selectively with the WZP element and as such, are candidates for regulation of the appropriate rostra1 boundary of Wnt-I expression by interacting with HBSl in the Wnt-1 enhancer.
Discussion
One of the major limitations in understanding how homeodomain proteins regulate gene expression during embryonic development is the lack of known target genes. Here, we provide evidence that spatially restricted expression of Wnt-I in the developing CNS requires homeodomain control. Specifically, we show that a homeodomain binding site, HBSl, within the Wnt-Z enhancer mediates restricted expression of a Wnt-MucZ transgene and therefore is likely to contribute to establishing the appropriate rostra1 boundary of Wnt-I expression during brain development.
Given the well-documented potency of Wnt-I action and its primary role in specifying midbrain phenotype, it follows that its rostra1 boundary must be confined to regions designated for midbrain development. Clearly, failure to do so can result in severe CNS abnormalities (Dickinson et al., 1994) . The results presented herein suggest that the rostra1 boundary of Wnt-1 expression is achieved by the action of forebrainspecific homeodomain-containing proteins that interact directly with the HBSl site to repress transcriptional activity of Wnt-I.
Cell-signaling molecules as targets for homeodomain control
The implication that Wnt-I is a direct target for homeodomain control is consistent with the notion that genes encoding cell surface or secreted molecules are attractive candidates for homeodomain regulation. Indeed, decupentuplegic (dpp), a member of the Drosophila TGF/? family, appears to be directly activated by the homeodomain protein, Ubx, and repressed by another ho- a All Go embryos were examined at 10.5 dpc. b Ectopic expression in forebrain was limited to a region of the dorSal-medial telencephalon, as shown in Fig. 4. connectin, contains homeodomain binding sites that were identified by immunoprecipitation with Ubx (Gould and White, 1992; Krumlauf and Gould, 1992) , and the promoters of cytotactin/tenascin and N-CAM, contain homeodomain binding sites that modulate reporter gene activity in co-transfection studies (Hirsch et al., 1990; Jones et al., 1990; Edelman and Jones, 1993) . It is noteworthy that our findings exhibit striking similarity to those observed with the N-CAM promoter, in which a small DNA fragment (47 bp) containing two adjacent homeodomain binding sites was found to be sufficient for responsiveness to homeodomain control, however only one of these sites was required for this regulation (Jones N. ller et al. I Mechanism of Development 53 (I 995) et al., 1992) . The present study adds to a growing body of evidence which implicate cell-signaling genes as targets for homeodomain control.
2. Potential candidates for regulation of Wnt-I expression
Identification of a functionally relevant binding site within the Wnt-I enhancer (i.e., HBSl) is a first step towards defining the complex regulatory elements that lead to its restricted expression during embyrogenesis. We present preliminary evidence that members of the Dlx and Emx family are excellent candidates for regulation of Wnt-I through this site. This is supported by their temporal expression patterns in the forebrain which are concomitant with the initial ectopic forebrain staining in the pWTZl.l-mHBS 1 transgenic mice (D.H. Rowitch, Y. Echelard and A.P. McMahon, unpublished) .
Moreover, the Drosophila homologs of Dlx2, distal-less (dll), and EmA, empty-spiracles (ems), act upstream to influence the expression of the Wnt-related genes, Dwnt-5 and wg, respectively (Cohen and Jiirgens, 1990; Eisenberg et al., 1992) . Finally, representative members of this family, Dlx2 and Emx2, interact specifically with the WIP element. Although we have identified potential candidates for interaction with the WZP element, it is unlikely that such proteins are solely responsible for restricting the expression of Wnt-I in the forebrain. Rather, it is more plausible that interactions of various homeodomain proteins with the HBSl site provides one aspect of the regulatory network that is required to establish the appropriate boundary of Wnt-1 expression. Indeed, the WZP element also contains a binding site for a positive regulator of Wnt-1 expression (P.S. Danielian, D.H. Rowitch and A.P. McMahon, unpublished) , and it is conceivable that the coordinate action of proteins bound at these two elements (and perhaps other elements) is required for appropriate Wnt-1 expression.
A functionally relevant homeodomain binding site provides a means to address homeodomain specificity
A hallmark feature of homeodomain proteins is their propensity to bind DNA with overlapping specificities in vitro. Therefore, the manner by which individual homeodomain proteins interact selectively with target sequences in vivo has remained elusive. Clearly, the availability of a biologically relevant genomic site for homeodomain control will facilitate investigations into the precise mechanisms by which this specificity is achieved. Our biochemical studies with the WZP element have already demonstrated differences in DNA binding affinity and specificity among various homeodomain proteins. For example, HoxC8 did not interact with the HBS region in the WIP element but rather bound to a site upstream of this region (Fig. 5B) and therefore ifs interaction with a genomic site is distinct from that of Emx2 and Dlx2. Recent in vitro binding studies have revealed that Msxl homeodomain protein binds HBSl with a relatively greater affinity than to our previously identified homeodomain consensus binding site (N. Iler and C. Abate, unpublished data). Since the core sequence of HBS 1, CTAATTG, is identical to that of the consensus binding site, (C/G)TAATTG, (Catron et al., 1993) , this suggests that the context of the genomic site, i.e., the specific sequences flanking HBSl, contribute to binding selectivity by modulating the degree of DNA binding affinity. Moreover, in the WZP element, HBSl is flanked by an adjacent homeodomain binding site, HBS2, and other A/T rich regions which are likely to contribute to functional specificity by serving as putative binding sites for auxiliary protein factors. Certainly this is true in yeast, in which homeodomain target recognition in vivo is achieved by cooperative interactions of the homeodomain protein a2 with the adjacent MCMl protein (Smith and Johnson, 1992) . Recently, it has been shown that Drosophiia extradenticle encodes a homeodomain-containing co-factor (exd) that interacts cooperatively to modulate the DNA binding specificities of several homeodomain proteins, including Ubx, Abd-A and engrailed (Chan et al., 1994; van Dijk and Murre, 1994) . It is tempting to speculate that HBS2 or other regions within the WZP element may function in the recruitment of a co-factor(s), acting in a similar capacity to exd, to modulate DNA binding affinity and functional specificity of relevant homeodomain proteins. The findings in this report provide the basis for many future studies to explore the interactions of other protein factors within the WIP element and in particular, the relevance of flanking sequences for such interactions. Clearly, it is an oversimplification to suppose that a single homeodomain protein interacts with HBS 1 to regulate Wnt-1 expression. Rather it is likely that a subset of homeodomain proteins are capable of interacting with this site, and that the particular protein factor occupying this site depends upon the cellular milieu. Therefore, the transcriptional state of target genes such as Wnt-1 will represent the culmination of the particular cellular environment, the relative binding affinities of available homeodomain proteins, the availability of specific cofactors, and ultimately, the cellular position in the context of the developing embryo. Identification of Wnt-1 as a direct target for homeodomain control is a crucial step towards understanding the regulatory events that contribute to the precision of these events.
Materials and methods
Protein purification
Expression and purification of Msxl proteins (Catron et al., 1993 (Catron et al., , 1995 and HoxC8, HoxA3, and HoxB4 homeodomain polypeptides (Pellerin et al., 1994) were performed as described. DNA sequence corresponding to the homeobox region of Emx2 was obtained by reverse transcriptase-polymerase chain reaction using total RNA from 12.5day embryonic heads. The homeobox region of Dlx2 was obtained by polymerase chain reaction from a Dlx2 cDNA clone (provided by J. Rubenstein). Oligonucleotides used for amplification contained BarnHI and Hi&II sites and amplified fragments were cloned into the corresponding sites of the bacterial expression vector pDS56. Protein products were expressed as hexahistidine fusions in bacteria and purified by nickel affinity chromatography as in (Catron et al., 1993) . Emx2 corresponds to the 66 amino acid homeodomain (Simeone et al., 1992) , Dlx2 homeodomain corresponds to amino acids 146 to 223 (Porteus et al., 1991 (Catron et al., 1993) . After 10 min, phosphate-buffered saline containing 0.1% Nonidet P-40 (PBS+NP40; 425~1) was added, followed by addition of a-Msxl polyclonal antisera (10~1) and incubation was continued for 1 h at 4°C. Formalin-fixed Staph A cells (40~1) were added and incubated for 20 min at 4°C. Immune complexes were precipitated and washed twice in fresh PBS+NP40. Bound DNA was isolated by phenol/chloroform extraction, ethanol precipitation. DNA fragments were resolved by gel electrophoresis and intense bands were eluted overnight in buffer containing 0.5 M ammonium acetate, 10 mM TrisHCl, and 1 mM EDTA. Following ethanol precipitation, PCR was performed using Taq polymerase and 'catch linkers' as primers. PCR product was cloned into polylinker of pGL2-promoter vector (Promega) for further analysis.
DNaseIfootprinting
Mutations in DNA probes (112 bp) were introduced by overlapping PCR mutagenesis.
DNA probes were endlabelled on one strand, and purified using Microconcolumns (Amicon). Protein-DNA complexes were formed for 30 min on ice in 50~1 buffer containing 25 mM TrisHCl (pH 7.9), 6.25 mM magnesium chloride, 50 mM potassium chloride, 0.5 M EDTA, lO%(vol/vol) glycerol, 0.05% Nonidet P-40, 0.5 mM dithiothreitol, O.O2~g/,,l poly(dI-dC).
Following incubation, 50 ~1 of solution containing 10 mM magnesium chloride and 5 mM calcium chloride and 4 ng of DNaseI (Worthington) were added at one minute intervals and reactions stopped by addition of 90~1 of solution containing 20 mM EDTA, 1% SDS, 200 mM sodium chloride and 22.5 pg of total RNA (Type IV from calf liver, Sigma). DNA was extracted with phenol/chloroform, ethanol precipitated and resolved by electrophoresis on a 10% polyacrylamide-6M urea gel.
Electrophoretic mobility shift analysis
Assays were performed as described in Catron et al., 1993. Briefly, oligonucleotides (20 bp) were radiolabeled with T4 polynucleotide kinase in the presence of [r-32P]ATP and annealed at 37°C for 1 h. Binding reactions were performed in buffer containing 10 mM Tris-HCl (pH 7.5), 50 mM sodium chloride, 7.5 mM magnesium chloride, 1 mM EDTA, 5% (v/v) glycerol, 5% (w/v) sucrose, 0.1% Nonidet P-40, 0.5 pg of bovine serum albumin per ~1, 0.5 pug of poly(dI-dC), and 5 mM dithiothreitol. After a 5 min incubation at room temperature, DNAprotein complexes were resolved on 6.5% polyacrylamide gel containing 0.5 X Tris-borate-EDTA.
Co-transfection studies
Transient co-transfection assays were performed as described in Catron et al. (1995) . In brief, NIH 3T3 cells were seeded 24 h prior to transfection at lo5 cells per 35 mm dish and transfected by a calcium phosphate precipitation method (Sambrook et al., 1989) . Assays included pCMV-pgal (1 pg) as an internal control for transfection efficiency. Precipitates were left on the cells for 16 to 24 h, and 48 h post-transfection, cells were harvested in 1X Reporter lysis buffer (Promega). /?-Galactosidase activity was assayed essentially as described in Sambrook et al. (1989) . Luciferase activity was measured as cpm in a Beckman LS5000TA scintillation counter using the luciferase assay system (Promega) and standardized to P-galactosidase levels to control for variation in transfection efficiencies.
Experiments were performed in duplicate and repeated a minimum of five times. (Echelard et al., 1994) in 5' to 3' orientation. Mutation of HBS 1 within the 1.1 kb enhancer was performed using the Altered Sites II (Promega) protocol which converts the TAAT core sequence of HBSl to TGGG. Production of transgenic embryos and wholemount P-galactosidase staining was performed as described (Echelard et al., 1994) .
